Human tuberculosis (TB) is caused by the bacillus Mycobacterium tuberculosis, a subspecies of the M. tuberculosis complex (MTC) of mycobacteria. Postgenomic dissection of the M. tuberculosis proteome is ongoing and critical to furthering our understanding of factors mediating M. tuberculosis pathobiology. Towards this end, a 32-kDa putative glyoxalase in the culture filtrate (CF) of growing M. tuberculosis (originally annotated as Rv0577 and hereafter designated CFP32) was identified, cloned, and characterized. The cfp32 gene is MTC restricted, and the gene product is expressed ex vivo as determined by the respective Southern and Western blot testing of an assortment of mycobacteria. Moreover, the cfp32 gene sequence is conserved within the MTC, as no polymorphisms were found in the tested cfp32 PCR products upon sequence analysis. Western blotting of M. tuberculosis subcellular fractions localized CFP32 predominantly to the CF and cytosolic compartments. Data to support the in vivo expression of CFP32 were provided by the serum recognition of recombinant CFP32 in 32% of TB patients by enzyme-linked immunosorbent assay (ELISA) as well as the direct detection of CFP32 by ELISA in the induced sputum samples from 56% of pulmonary TB patients. Of greatest interest was the observation that, per sample, sputum CFP32 levels (a potential indicator of increasing bacterial burden) correlated with levels of expression in sputum of interleukin-10 (an immunosuppressive cytokine and a putative contributing factor to disease progression) but not levels of gamma interferon (a key cytokine in the protective immune response in TB), as measured by ELISA. Combined, these data suggest that CFP32 serves a necessary biological function(s) in tubercle bacilli and may contribute to the M. tuberculosis pathogenic mechanism. Overall, CFP32 is an attractive target for drug and vaccine design as well as new diagnostic strategies.
The Mycobacterium tuberculosis complex (MTC) is a group of highly related pathogenic mycobacteria that include M. tuberculosis, Mycobacterium africanum (subtypes I and II), Mycobacterium bovis (along with the attenuated M. bovis bacillus Calmette-Guérin [BCG] vaccine strain), Mycobacterium bovis subsp. caprae, and Mycobacterium microti (13) . The MTC taxon is extraordinary in that its members exhibit a restricted number of fixed single-nucleotide polymorphisms between subspecies but differ from one another by the presence or absence of large chromosomal deletion loci, severity of disease, and mammalian host spectra (13, 43, 66) . Of the MTC members, M. tuberculosis is the predominant etiologic agent of human tuberculosis (TB).
M. tuberculosis is arguably the most successful of human pathogens in having achieved a worldwide penetrance of epidemic proportions. Estimates based on skin testing indicate that approximately one-third of the human population have been M. tuberculosis infected (21, 74) . In most individuals the infection progresses to a latent phase in which there are no overt signs of disease. However, up to 10% of these persons are expected to develop life-threatening disease over the course of their lifetimes if untreated (21) . In fact, TB claims up to 3 million lives each year, which is more than any other single bacterial infectious agent (74) . Coupled with the emergence of drug-resistant stains and a deadly cooperation with the human immunodeficiency virus (HIV) pandemic, the incidence of TB cases worldwide continues to rise (M. Freire and G. Roscigno, Editorial, Bull. W. H. O. 80:429, 2002). Therefore, research efforts to characterize the unique biology of the tubercle bacillus, to develop new pharmacological TB interventions, and to formulate new TB vaccine strategies are of paramount importance in order to eliminate this global killer. M. tuberculosis is remarkable in that it appears to be exquis-itely adapted for human parasitization and host immune system evasion. Following inhalation of aerosolized organisms, M. tuberculosis sets up residence and propagates within the generally hostile environment of the alveolar macrophage. It avoids sterilization by the subsequent adaptive immune response that is mounted against it, and it finds sanctuary within the inflammatory response-derived granulomas meant to contain it. When immunity wanes, after years to decades of persistence, M. tuberculosis reactivates and exploits inflammationmediated lung tissue destruction to enable its transmission to new persons (26) . At present, the correlates of protection from active TB and the molecular mechanisms of infection and pathogenesis that account for the success of M. tuberculosis remain largely unknown but are likely to incorporate a complex interplay of multiple host and pathogen factors. A key component of protective immunity to active TB is the timely and orchestrated production of proinflammatory cytokines such as tumor necrosis factor alpha, interleukin-12 (IL-12), IL-1␤, and gamma interferon (IFN-␥) (16) . In order to prevent overzealous proinflammatory responses and to protect against undue immune-mediated damage, counteractive immunosuppressive cytokines are also secreted as part of a balanced immune response and include transforming growth factor ␤ and IL-10 (49). However, the premature or disproportionate secretion of inhibitory cytokines may undesirably benefit the pathogen, as elevated IL-10 levels have been associated with poor resolution of infections by HIV, human rhinovirus, Leishmania spp., and Mycobacterium leprae (36, 61, 67, 68) . Recent studies have suggested that this may also be the case in M. tuberculosis infection (10, 11, 25, 46, 49) .
A major advance for TB research came in 1998 with the publication of the complete genome sequence of the M. tuberculosis H37Rv laboratory strain (15) . Of the approximately 4 ,000 open reading frames identified, close to 48% have not been assigned a function, nor have most been proven to code for expressed proteins (14) . The recent advent of improved molecular tools for mycobacteria has allowed the systematic study of the M. tuberculosis genomic blueprint in order to identify genes of importance and to characterize their products (50, 60) . Given the astounding success of M. tuberculosis, it is reasonable to anticipate that M. tuberculosis genes devoted to defense against host mycobacteriocidal immune mechanisms, or genes that promote disturbances in effective immune function, will be found. In fact, M. tuberculosis genes implicated in persistence, resistance to oxidative stress, and immune activation have been identified (18, 28, 30, 42, 57) . Several of these putative virulence factors are secreted or released by growing M. tuberculosis into the culture filtrate (CF) compartment and are thereby strategically positioned as molecular effectors to the detriment of the host and/or for the benefit of the pathogen (28, 52, 64) . A coincident characteristic of many individual CF proteins (as well as the CF as a whole) is their strong immunostimulatory capacity. This feature may be important in the M. tuberculosis life cycle strategy but may also contribute to immune control of infection. Many studies have illustrated the presence of specific antisera as well as the development of specific Th1-like responses (lymphoproliferation and/or IFN-␥ secretion) and cytotoxic T-cell activity to CF proteins in TB patients and/or immunized animals (8, 9, 18, 31, 62) . Indeed, the production of CF proteins is believed to account for the heightened efficacy of live, as opposed to killed, M. tuberculosis vaccines in animal models (3, 31) . Containing in the range of 200 to 800 different proteins (many of which remain unidentified and whose functions are uncharacterized) (35, 53, 64) , the CF presents an abundance of candidates for drug intervention, for incorporation into a TB vaccine, or to serve as TB diagnostic markers. Further systematic dissection and characterization of the constituents of CF by the TB scientific community will undoubtedly uncover useful information about the unique biology of M. tuberculosis and will provide fundamental knowledge of the immunological parameters associated with protective immunity against M. tuberculosis in humans.
In this study we detail the identification, cloning, and characterization of a 32-kDa CF protein that we have designated CFP32 (originally known as Rv0577). Comparative analyses suggest that the cfp32 gene product may be important to the biology of the MTC subspecies. Moreover, patient data suggest that CFP32 is expressed in M. tuberculosis-infected individuals and may be useful as a diagnostic, drug, and/or vaccine target. Surprisingly, levels of CFP32 in TB patient lung sputum were positively correlated with levels of IL-10 but not of IFN-␥ in the same sputum sample, thereby suggesting that a link between M. tuberculosis and IL-10 may play a role in the pathogenic mechanism leading to active TB.
(This study contributed to the fulfillment of the Ph.D. requirements of R.C.H.)
MATERIALS AND METHODS
PCR and Southern blotting for CFP32. Primer pairs suited to evaluate the cfp32 (Rv0577) locus were created using the DNASTAR program (DNASTAR, Inc., Madison, Wis.) and GenBank sequence database information (http://www .ncbi.nlm.nih.gov). These primers amplified either the upstream region of cfp32 (577proF, 5Ј-GTG GCT TGG CGG GCA CGG TGG AG-3Ј; 577proR, 5Ј-TTT TGG CGG CGG ACT GAT CGG TGG TCT-3Ј), the full coding region of cfp32 (Rv0577F, 5Ј-ATG CCC AAG AGA AGC GAA TAC AGG-3Ј [F]; Rv0577R, 5Ј-CTA TTG CTG CGG TGC GGG CTT CAA-3Ј [R1]), or the extended full coding region of cfp32 (577pMS3F, 5Ј-CCC TTA ATT AAT GTC CGC CAC  CTA ACG AAA G-3Ј; 577pMS3R, 5Ј-CCC AAG CTT CTA GCA TTC TCC  GAA-3Ј [R2] ). Each PCR mixture was prepared, each reaction was run using PCR program 1 (with an initial denaturation step of 5 min at 94°C followed by 25 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C and ending with a final elongation step for 10 min at 72°C), and results were analyzed as previously described (33) . Likewise, direct sequencing of PCR fragments was performed and results were analyzed as recently described (33) . PCR amplicons were sequenced using their respective amplification primers, and a minimal single overlap from two directions for each was usually achieved. Additional sequencing primers internal to cfp32 were also used (Ϫ605F, 5Ј-CGA ATC ATT GGC ACG TCT ACT TTG-3Ј; Ϫ281R, 5Ј-ACC ACC TTG TCC ACC ACC GCA T-3Ј). Southern blot analysis for cfp32 was done as previously described (37) and, as the hybridization probe, used M. tuberculosis H37Rv cfp32 PCR products generated using the Rv0577F and Rv0577R primer pair.
PAGE followed by gel staining or Western blotting for CFP32. All polyacrylamide gel electrophoresis (PAGE) and Western blot assays were performed as follows. NuPage 12% Bis-Tris 10-well gels (Invitrogen, Carlsbad, Calif.) underwent PAGE and transfer using the Xcell II apparatus (Novex, San Diego, Calif.), per the manufacturers' instructions. In some experiments select samples were not preboiled or mixed with reducing agent (1 l of 1 M dithiothreitol) prior to gel loading, as indicated. Full-range rainbow (Amersham, Piscataway, N.J.), midrange (Promega, Madison, Wis.), or kaleidoscope prestained (Bio-Rad, Hercules, Calif.) molecular weight protein markers were used as standards. For antibody detection of CFP32, nitrocellulose membranes were first blocked with 3% bovine serum albumin in 1ϫ TBSt (Tris-buffered saline with 0.1% Tween 20) for 1 h following transfer. Afterwards, the membranes were probed with a CFP32 antiserum for 1 h and then washed three times with TBSt. The membranes were then probed with either anti-rabbit immunoglobulin (Ig)-horseradish peroxidase (HRP)-linked whole antibody (Amersham; used when anti-recombinant CFP32
[anti-rCFP32], anti-PepC, or anti-Pep7 was the primary antiserum) or antimouse Ig-HRP (Amersham) (used when IT-44 was the primary antibody), washed three times with TBSt, developed using ECL Western blot detection reagents (Amersham), and then exposed to Kodak BioMax film. Mycobacterial lysates were generated in a mini-BeadBeater (Biospec Products Inc., Bartlesville, Okla.), whereby growing cultures were spun down, the supernatant was removed, the pellet was resuspended with Tris-EDTA buffer, and six 3-mm-diameter glass beads were added to lyse the bacteria in five 30-s pulses. These lysates were subsequently heated at 80°C for 30 (39) are also distributed through CSU. Silver staining (Invitrogen) and 1% Coomassie blue staining of polyacrylamide gels followed standard protocols. Internal sequencing of a protein band cut from a silver-stained gel that was identified as CFP32 was done by the Rockefeller University Protein/DNA Technology Center (23) . Computer analysis of CFP32 and its homologues employed the GenBank and SwissProt (http://us.expasy.org/ sprot) websites. Basic summary information on CFP32 can be found in GenBank (given as Rv0577) as well as the TubercuList website (http://genolist.pasteur.fr/ TubercuList/index.html) (given as TB27.3).
CFP32 cloning, expression, and purification. A cfp32 PCR fragment representing the entire open reading frame was generated with PCR program 1 from purified M. tuberculosis H37Rv DNA by using primers that were engineered to introduce BamHI and HindIII restriction enzyme sites into the resulting PCR product (SMC-1, 5Ј-GAA AGG ATG AGG ATC CCC AAG AGA AGC G-3Ј, and SMC-2, 5Ј-CGG GAT GCT CAA GCT TGC TGC GGT GC-3Ј). By standard procedures, the amplified product was restriction digested, ligated into the pQE31 vector (Qiagen, Valencia, Calif.) to create the pQE31.577 plasmid, and introduced into M15 E. coli, and the sequence was confirmed. The production of N-terminal hexahistidine (His)-tagged rCFP32 followed the methodology described in the QiaExpressionist handbook (Qiagen) but was further optimized by growing the bacteria in Terrific Broth (Sigma) and inducing the pQE31.577 transformants with 0.5 mM IPTG (Sigma) for 4.5 h and shaking at 30°C. The predicted amino acid sequence of rCFP32 is RGS-6ϫH-TD-(CFP32)-A. Histagged rCFP32 was purified by nickel affinity chromatography, using nickelnitrilotriacetic acid spin columns (Qiagen), under native conditions, per the manufacturer's protocol. A single difference was that nickel-nitrilotriacetic acidbound rCFP32 was washed three times using buffer containing 1 mM imidazole prior to elution. The rCFP32 was then washed free of the imidazole and concentrated using Centriplus centrifugal filter devices (30-kDa cutoff) (Millipore, Bedford, Mass.). PAGE, followed by 1% Coomassie blue staining and/or silver staining, was done to qualify the purity of the preparation. A standard Bio-Rad protein assay was done to quantify yield. The identity of the recombinant protein was verified by electrospray tandem mass spectrometry of rCFP32 digested with trypsin and interrogation of the mass spectrometry data against the M. tuberculosis genome by using Sequest software (22) . Rabbit antisera were generated by a commercial provider (Covance Research Products, Denver, Pa.). Candidate rabbits for immunization with rCFP32, or CFP32-derived synthetic peptides, were prescreened for serum reactivity to M. tuberculosis whole-cell lysate by Western blotting, and only rabbits with low to absent reactivity were chosen. The Pep7 immunogen was generated by a commercial provider (Sigma Genosys, Houston, Tex.) while PepC was kindly provided by Shibo Jiang, New York Blood Center. These synthetic peptides were covalently linked to keyhole limpet hemocyanin prior to injection.
Enzyme-linked immunosorbent assay (ELISA) detection of CFP32 and human antibody to CFP32. For the detection of human anti-CFP32 serum specificity, two different ELISAs were fashioned. In the first (Cornell laboratory), the IT-44 murine MAb (1:10 5 in phosphate-buffered saline [PBS], 50 l per well) was used to coat a 96-well ELISA plate (Corning International, Corning, N.Y.) and was incubated overnight at 4°C. PBSt (PBS with 0.1% Tween 20) was used to wash the plate four times followed by 2.5 h of incubation with 200 l of blocking buffer (PBS with 10% fetal calf serum) and with shaking at room temperature. Next, rCFP32 (2.5 ng/ml in blocking buffer, 100 l per well) was incubated for 2.5 h, with gentle shaking at room temperature, and subsequently washed four times with PBSt. Duplicate samples of each test human serum from a Brazilian cohort (1:5 ϫ 10 4 in blocking buffer, 100 l per well) were then incubated for 2 h, with gentle shaking at room temperature, and subsequently washed four times with PBSt. Biotinylated anti-human Ig (1:10 4 in blocking buffer, 100 l per well) (Amersham) was then input and incubated for 1 h, with gentle shaking at room temperature, and washed four times with PBSt. Extravidin peroxidase conjugate (1:2 ϫ 10 3 in PBS, 100 l per well) (Sigma) was then applied to the plate, shaken gently for 2 h at room temperature, and subsequently washed four times with PBSt. 3,3Ј,5,5Ј-Tetramethylbenzidine (TMB) (Sigma) acted as the enzymatic substrate (100 l per well). Once the blue color had sufficiently developed, the reaction was stopped using 0.5 M H 2 SO 4 (100 l) and read at 450 nm with an EL 340 Biokinetics Reader (BioTek Instruments Inc., Winooski, Vt.). The absorbance values for each donor sample were then averaged. The detection of human anti-CFP32 antisera from a cohort of patients in India, by the New York University laboratory, was performed as previously described (59) using rCFP32 (2 g/ml in PBS, 50 l per well) to coat a 96-well ELISA plate and capture the specific antibodies. The international standard of Ն10-mm induration following the injection of 5 TU of M. tuberculosis purified protein derivative (PPD) was used to define a positive skin test. To get a measure of CFP32 in the lungs of TB patients, a variation on the ELISA to detect anti-CFP32 antisera (Cornell laboratory) was used. Patients living in Brazil who presented at the Pulmonary Service with "lung disease suggestive of TB" and who failed to provide a spontaneous sputum sample or for whom a sample was negative for acid-fast bacilli (AFB) underwent sputum induction using 3% saline in an ultrasonic nebulizer. The induced sputum remaining from diagnostic workup was treated with dithiothreitol (Sigma) and centrifuged, and the supernatant was stored at Ϫ80°C prior to use. For the CFP32 ELISA, 50 l of sputum per well, one sample per donor, was input in place of a single set amount of rCFP32. Duplicate twofold dilutions of rCFP32 (5 ϫ 10 3 to 5 ϫ 10 1 pg/ml) were also used to establish a standard curve for CFP32 at this stage. As a final difference, anti-rCFP32 (1:10 4 , with gentle shaking at room temperature overnight) was used as the second antiserum (as opposed to the human antisera), thereby necessitating the use of anti-rabbit Ig-HRP and TMB substrate for detection. For these experiments, TB case patients were defined as having a positive solid medium culture or treatment response with resolution of clinical and radiological features of TB. Suspected TB cases were defined as patients with clinical and radiological features compatible with TB for whom cultures were negative, contaminated, or not available and who had insufficient follow-up or had prior TB without sufficient follow-up. Non-TB cases with other lung diseases (OLD) were defined as those patients who were AFB smear and TB culture negative, for whom another diagnosis was established, and/or who showed clinical improvement after a short course of non-TB antibiotics. The detection of CFP32 by the testing laboratory was independent of knowledge of the clinical classification of each patient. For the quantification of lung cytokine levels, ELISAs were performed upon the same lung sputum samples as those evaluated for CFP32. For these experiments, an anti-IL-10 antibody pair (Pierce Endogen, Rockford, Ill.) was used in an otherwise identical protocol as given for the evaluation of sputum CFP32 levels. IFN-␥ was measured using a commercial kit (Immunotech, Marseille, France) and converted to picograms per milliliter using the relationship 1 U of IFN-␥ ϭ 33.33 pg of IFN-␥. The quantification of CFP32 in M. tuberculosis subcellular compartments followed the ELISA protocol for sputum CFP32 measurement. All serum and sputum donors signed informed consent papers, and the study was approved by the Internal Review Boards of Cornell University, Hospital Universitário Clementino Fraga Filho, and New York University. To identify a novel extracellular M. tuberculosis antigen of prospective pathological and/or immunological importance, CF proteins were first separated by anion-exchange chromatography into analyzed pools of fractions. Of these pooled fractions, PAGE under nondenaturing conditions followed by silver staining revealed that CF-fraction pool 9 (fx9) contained a predominant band at approximately 24 kDa (Fig. 1A) . To determine the identity of the major CF-fx9 protein, PAGE and silver staining were repeated for CF-fx9 alone, and the same predominant band was excised (data not shown). N-terminal sequence analysis of the gel fragment failed; however, internal protein sequencing identified a peptide that was identical to amino acids 4 to 25 of the predicted product of the M. tuberculosis gene annotated as Rv0577 (Fig. 1B) . Rv0577 was a hypothetical gene of unknown function that was identified upon completion of the M. tuberculosis H37Rv genome sequence (15) . Rv0577 also corresponds to the MT0606 locus of M. tuberculosis strain CDC1551 (GenBank accession no. AE000516). In being a novel CF protein the Rv0577 gene product was of sufficient interest that we decided to pursue its characterization. In keeping with previous convention (54, 73) , and based upon the PAGE mobility of its gene product under denaturing conditions (see below), the Rv0577 gene is hereafter designated cfp32 and the protein that it encodes is designated CFP32. While this study was ongoing, a separate group independently identified CFP32 by microsequencing CF spots in silver-stained two-dimensional polyacrylamide gels (given as TB27.3), thereby confirming the synthesis and export of CFP32 to the CF (55) .
Information predicted by the sequences of cfp32 and CFP32. The gene for CFP32 is transcribed in the forward direction ( Fig. 2A) , and the start of cfp32 is preceded by an AAGGA putative Shine-Dalgarno ribosomal binding site (RBS) (Fig.  2B ). The region upstream of cfp32 also contains several putative regulatory elements that are homologous to previously described mycobacterial Ϫ10 and Ϫ35 RNA polymerase contact sites (n ϭ 3 and 5, respectively), including three Ϫ35 sites identified for the CF virulence factor katG (44; data not shown). The predicted TAG stop codon of cfp32 is followed by 15 intervening codons and a second in-frame TAG. The biological significance of such an arrangement of two stop codons is not known but has been noted previously for the glutamine synthetase gene of M. tuberculosis, E. coli, and Salmonella enterica serovar Typhimurium (27) . Rv0576 is the hypothetical open reading frame found upstream of cfp32 (Fig. 2A) . This element could cotranscribe with cfp32, as it is the only other local gene also predicted to be transcribed in the forward direction. However, the presence of an RBS for cfp32 suggests that one level of its regulation is monocistronic. Downstream of cfp32 is the inversely transcribed PE-PGRS gene Rv0578c as well as a putative stem-loop structure(s) that may act as the transcriptional stop signal for both cfp32 and Rv0578c (Fig.  2B) . Evidence for the presence of secondary DNA structure in the intergenic region of cfp32 and Rv0578c was provided in PCR amplification experiments (Fig. 2C) . Herein, a single forward primer (F) was used in combination with either of two reverse primers that are complementary to sequences flanking each side of the putative stem-loop. For further comparison, the amplification was done in the presence or absence of dimethyl sulfoxide (DMSO), a PCR recipe additive that helps to open secondary structure and improve PCR efficiency. As a result, the PCR product band intensity was significantly reduced using the reverse primer that was 3Ј to the putative stem-loop (R2; Fig. 2C ) compared to that with the reverse primer that was 5Ј to the stem-loop (R1). In addition, the amplification efficiency was further reduced in the absence of DMSO in the case of the F-R2 but not F-R1 primer pair, thereby indicating that amplification using R2 is inhibited by secondary DNA structure.
In silico modeling revealed several intriguing insights into the nature of the cfp32 gene product. Analysis for functional regions indicated that CFP32 is a bimodular protein with two homologous domains (N-terminal residues ϳ2 to 129 and Cterminal residues ϳ130 to 261; 26% identity) each with structural similarity to members of the glyoxalase-dioxygenase superfamily of enzymes (GenBank; Fig. 3A) . CFP32 may , Brucella melitensis (AAL54026), and Sinorhizobium meliloti (CAC47416). A contrasting glyoxalase from Arabidopsis thaliana (BAB17665) that had low sequence identity (13%) to CFP32 is also provided for comparison. Amino acids that were highly conserved among the set of CFP32-like proteins are shaded. Glutamic acids that substitute for conserved aspartic acids are also shaded. Asterisks above residues indicate those that are present almost without exception. Homologous residues in the A. thaliana glyoxylase are also specified by shading. Putative aspartic acid nucleophiles are shaded black. DnrV, dnrV gene product; CorD1, corD1 gene product; hypoth., hypothetical protein.
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on September 22, 2017 by guest http://iai.asm.org/ therefore be a bifunctional enzyme and catalyze more than one reaction. GenBank BLAST searches found that CFP32 shows significant pairwise homology (15 to 58% identity) to many other unimodular and bimodular polypeptides from a variety of microorganisms (described for Fig. 3B ). As with CFP32, many of these polypeptides are of unknown function and annotated as "probable hydrolases" or "hypothetical proteins." Notably, CFP32 homologues were most plentiful in Streptomyces spp., while CorD1 of Rhodococcus equi (a close phylogenetic relative of M. tuberculosis and an intracellular pathogen that causes a TB-like pulmonary disease in foals and immunocompromised patients [47] ) had the highest percent identity (58%). Of additional note were the Streptomyces spp. dnrV and sgaA gene product homologues of CFP32. The dnrV-encoded protein plays a role in the synthesis of the polyketide antibiotic doxorubicin (40) , and the sgaA gene encodes a regulatory factor of growth and osmotic stress responses, as well as streptomycin production and resistance (4) . By analogy, CFP32 may therefore have similar physiological activities. Remarkably, the alignment of CFP32 homologues revealed several highly conserved amino acids, several of which were also present in a surprising number of ostensibly paralogous glycosyl hydrolases (one example is given in Fig. 3B ). Of these residues, the tyrosines and aspartic acids may be important to the catalytic mechanism with the most significant being CFP32 (module 1) Asp 118 and CFP32 (module 2) Asp 252 . These aspartic acids were each in the context of a DPXG motif analogous to that for the determined enzymatic nucleophile (the residue that forms the enzyme-substrate intermediate during cleavage) of the well-characterized class II (family 38) ␣-mannosidases (32). Compare human Golgi ␣-mannosidase II (PRSGWQID PFGHSA), jack bean ␣-mannosidase (PRAGWAIDPFGHSP), CFP32 module 1 (GRMSFITDPTGAAV), and CFP32 module 2 (GRFAVLSDPQGAIF) whereby the conserved amino acids are in boldface and the nucleophiles (known and putative) are underlined. Perhaps residues Asp 118 and Asp 252 serve similar mechanistic roles for CFP32 and its homologues.
Development of antisera to CFP32 and confirmation of CFP32 as the IT-44-reactive antigen. The cfp32 gene was cloned from M. tuberculosis H37Rv and expressed in E. coli, and rCFP32 was purified by nickel column affinity chromatography. The IPTG-induced pQE31.577 transformant expressed rCFP32 at a band size of ϳ33 kDa (Fig. 4A) . This band was absent from the uninduced transformant and was absent from both the induced and uninduced E. coli transformed with the naked pQE31 plasmid (data not shown). Soluble rCFP32 of high purity, as determined by PAGE and silver staining (Fig.  4B) , was readily obtained, supporting the predicted soluble nature of CFP32. Mass spectrometry of trypsin-digested rCFP32 derived four peptide sequences (18 to 36 amino acids long), each of which perfectly matched separate stretches of amino acids in the expected sequence of CFP32 (data not shown). Rabbits were then immunized either with the purified rCFP32 or with CFP32-based synthetic peptides. Peptide 7 (Pep7) is identical to an internal length of amino acids while peptide C (PepC) parallels the C terminus of CFP32 (Fig. 1B) . In Western blotting, each of the three rabbit-raised antisera (anti-rCFP32, anti-PepC, and anti-Pep7) recognized rCFP32 at a band size of 33 kDa (Fig. 4C) . Importantly, the preimmunization sera of these rabbits did not show any reactivity in parallel Western blots (data not shown). The trio of anti-CFP32 antisera also recognized a band at ϳ32 kDa from the whole-cell lysate of M. tuberculosis H37Rv that is presumably CFP32 (Fig. 4C) . Subsequent Western blotting of the whole CF fraction, as well as CF-fx9 (from whence CFP32 was first identified), also showed a 32-kDa band (Fig. 4D) . The enrichment of CFP32 in CF-fx9 is given by its relative band strength in Western blotting (at 10 3 -fold-less input CF-fx9 sample compared to whole CF). The difference between expected (27.3 kDa) and observed (32 kDa) molecular masses of CFP32 in PAGE under denaturing conditions has been noted previously for other CF factors (73) and may be due to anomalous migration and/or unidentified posttranslational modifications such as myristoylation, glycosylation, or phosphorylation. Overall, the combined data confirm the correct cloning and exogenous expression of CFP32 from fractionated CF and argue for the specificity of the developed antisera.
IT-44 (also known as HBT7) is an IgG2a murine MAb that was derived from the immunization of inbred mouse strains with the CF of M. tuberculosis H37Rv (39) . A GenBank submission of unpublished data from T. Oettinger (accession no. AJ007737) identified the IT-44-reactive antigen as being the gene product of cfp32 (given as the cfp30B gene). IT-44 was also shown previously to react with three spots in two-dimensional PAGE of M. tuberculosis CF (64) . However, the proteins were clustered at ϳ32 kDa and migrated within a narrow pI range of 4.75 to 4.93, thereby suggesting that the antibody was reacting with multiple isoforms of the same antigen. As a result of this information, IT-44 was obtained and was evaluated for CFP32 reactivity by Western blotting. Bands for rCFP32 and CFP32 were seen in the same position as in the Western blots probed with rabbit anti-rCFP32 antisera (Fig. 4E) while IT-44 Western blot reactivity could be blocked by blot preincubation with anti-rCFP32 (data not shown), thereby verifying CFP32 as the IT-44-reactive antigen. This finding has been independently confirmed in CF mapping studies (53, 55) . It should also be noted that Western blot assays probing for CFP32, similar to previous silver stain gel results (Fig. 1A) , suggested that CFP32 and rCFP32 exist in two states: the respective linearized 32-or 33-kDa form that was seen when samples were prepared under denaturing conditions (by being heated to 100°C for 5 min in the presence of dithiothreitol) and a predominant ϳ24-kDa form that was visible in parallel nondenatured samples (data not shown). It was therefore thought that native CFP32 maintains a compacted hydrophodynamic volume that is unfolded upon boiling, the likes of which were also noted previously for CFP25 (73) . However, the CFP32 sequence contains but a single cysteine residue, and so forces other than intramolecular disulfide bonds must maintain the globular three-dimensional structure of monomeric CFP32.
Distribution of CFP32 among M. tuberculosis subcellular compartments. To localize CFP32, M. tuberculosis H37Rv subcellular compartments were evaluated for the presence of CFP32 by Western blotting with the developed antisera (Fig.  5) . On a per-microgram basis, the greatest quantity of CFP32 was found in the CF followed by a very strong CFP32 band in the cytosolic and whole-cell lysate fractions. Small amounts were also detected in the cell wall, soluble cell wall proteins, and membrane fractions but not in the purified mannosylated lipoarabinomannan. At least one additional lot of each component was tested by Western blotting and gave a similar result (data not shown). ELISA measurement of CFP32 levels in the illustrated components supported the Western blot data, indicating relative amounts of CFP32 in each by band intensity (Fig. 5) . These data suggest a directed movement of CFP32 from the cytosol to the CF despite the lack of a clear generalized signal peptide for bacterial secretory proteins in the CFP32 N terminus (51; data not shown). It is further noteworthy that the original sequencing of the CF-fx9 CFP32 band did not indicate the occurrence of N-terminal cleavage associated with export signal peptides. Even so, there are several other known CF protein genes that do not code for the classical signal peptides, including superoxide dismutase (28), glutamine synthetase (27) , and CFP29 (54) as well as ESAT-6 and CFP10 (65) . Whether CFP32 or other such proteins are actively exported, excreted, or released during cell division or autolysis is unresolved but may involve an uncharacterized mycobacterial secretory mechanism (27, 28, 70) . Moreover, by analogy to other CF proteins (27, 28) , CFP32 may serve intracellular, in addition to extracellular, functions, thus explaining the necessity of its partial cytoplasmic retention.
CFP32 is MTC restricted. For CFP32 to be characterized as a unique biofactor of tuberculous mycobacteria, it should be present in all members of the MTC and absent from MOTT. In a previous study, 8 MTC subspecies (representing 72 strains) and 12 MOTT species (comprising 46 strains) were evaluated for the presence of cfp32 by PCR (given as Rv0577 and using primers Rv0577F and Rv0577R [33] ). A cfp32 PCR fragment was observed only in the MTC groupings, indicating that cfp32 is an MTC-restricted gene. To determine the degree of polymorphism in cfp32 among the MTC subspecies, sequence analysis of PCR products representing the full and/or extended full cfp32 coding sequence from M. tuberculosis (n ϭ 8), M. africanum (subtypes I and II, n ϭ 4 and 4, respectively), M. bovis (n ϭ 4), M. bovis BCG (n ϭ 3), M. bovis subsp. caprae (n ϭ 1), and M. microti (n ϭ 4) was done. Likewise, the 321 bp of the putative cfp32 upstream promoter region was also PCR amplified and sequenced from M. tuberculosis (n ϭ 5), M. africanum (subtypes I and II, n ϭ 2 and 4, respectively), M. bovis (n ϭ 1), M. bovis BCG (n ϭ 2), M. bovis subsp. caprae (n ϭ 1), and M. microti (n ϭ 3). In all cases, the entire cfp32 locus (1,160 bp, representing nucleotides 670843 to 672002 of the M. tuberculosis H37Rv genome sequence, accession no. AL123456) was completely nonpolymorphic relative to the M. tuberculosis H37Rv genome sequence (data not shown). This observation is in keeping with previous studies that have noted a remarkable VOL. 71, 2003 M. TUBERCULOSIS PROTEIN CFP32, IL-10, AND TUBERCULOSIS 6877 paucity of single-nucleotide polymorphisms in the structural genes of the MTC subspecies (66) . Southern blotting was employed next to verify that cfp32 is restricted to the MTC organisms. Of the evaluated species, only M. tuberculosis strains H37Rv and W, as well as the additional MTC subspecies M. africanum subtype I, M. bovis, and M. bovis BCG, were positive for a single copy of cfp32, while all 13 MOTT species and strains evaluated were negative (Fig.  6A) . M. smegmatis was also repeatedly evaluated and found to be negative for cfp32 by Southern blotting (data not shown). Moreover, a cfp32 homologue could not be found in the M. smegmatis or the M. leprae genome sequences (http://www.tigr .org and http://www.sanger.ac.uk). Further cfp32 Southern blotting probed a comprehensive range of M. tuberculosis clinical isolates (n ϭ 70) previously coded by IS6110-restriction fragment length polymorphism pattern classification (Fig. 6B  subpanels i to iv) (37) . Included in this evaluation were 36 strains prototypic for their particular IS6110 fingerprint (Fig.  6B subpanels i and ii) . Remarkably, every M. tuberculosis strain was positive for a single band that ran at approximately the same location for all but two strains, for which it ran slightly lower than the others (Fig. 6B subpanels iii and iv) . This difference most likely relates to the emergence of a new a PvuII cutting site outside cfp32 since sequencing of the strain TN13475 cfp32 did not uncover any polymorphisms. As such, it is impressive that cfp32 was completely conserved within the MTC given that subspecies-and strain-defining large chromosomal deletions are increasingly found in the MTC genomes (13, 33, 43) . These deletions are emerging as potentially significant determinants of MTC pathobiological diversity but do not appear to include cfp32. Therefore, the complete conservation of cfp32 and its sequence for the tested isolates and its absence from MOTT species suggest that this gene may play an important role that is unique to M. tuberculosis and the other MTC groupings.
To probe for the mycobacterial expression of CFP32, Western blotting was done against a panel of MTC subspecies and strains (n ϭ 37), as well as a range of MOTT species and strains (n ϭ 29), which are listed in Materials and Methods. Upon completion, a CFP32 band was detected only from M. tuberculosis and the other MTC subspecies and not from any of the 10 MOTT species that were evaluated ( Fig. 7 ; select strains are illustrated). The combined data support the idea that cfp32 is an expressed MTC-restricted gene and are in keeping with an integral role for CFP32 in the lifestyle of tubercle bacilli.
Detection of specific antisera to CFP32 in clinical samples by ELISA. CFP32 is immunogenic for mice as given by the development of the murine IT-44 MAb following immunization with M. tuberculosis CF (39) . As an indirect indicator that CFP32 is expressed in TB patients, the human serologic response to CFP32 was evaluated. Sera from a cohort of patients with active TB from Brazil (n ϭ 35) and their healthy household contacts (n ϭ 11; four PPD skin test positive, seven PPD skin test negative) were tested for antibodies that recognize rCFP32. Altogether, 34% (12 of 35) of TB case patients had detectable antibodies to CFP32 while none of the healthy controls were positive (P Ͻ 0.05, Fisher's exact test) (Fig. 8A) ; PPD status did not segregate the healthy household contacts. Notably, only half of these patients had a documented chest X-ray in their medical record, and of these, only 25% of the CFP32 antiserum-positive patients had cavitary TB, thereby indicating that cavitary TB status did not increase the likelihood of having a positive anti-CFP32 serologic response. The anti-CFP32 positivity rate was similar in those with and those without a documented chest X-ray. To extend these observations to a population from India, a modified ELISA (without the primary coating MAb) was used to test sera from AFB smear-positive cavitary TB patients (n ϭ 30) and PPD skin (Fig. 8B) . Hence, there was comparatively limited variation between the two TB patient populations. Combined, 32% of TB case patients (n ϭ 65) and only 2.5% of healthy controls (n ϭ 40) exhibited a significant serological response to E. coli-expressed rCFP32 (P Ͻ 0.003, Fisher's exact test). These data are in the range of those of other studies that examined humoral immunity to recombinant M. tuberculosis proteins, whereby, depending upon the antigen evaluated and its method of production, the sera of 12 to 58% of TB patients were found to contain specific antibodies (38, 41) . Overall, the available data indicate that the spectrum of M. tuberculosis antigens recognized humorally varies dramatically between patients (41, 58) . One contributing factor is the expansion of the repertoire of humoral specificities to M. tuberculosis antigens as TB progresses (2, 58) . For example, serum antibodies to the IT-44-reactive antigen (i.e., CFP32) have been identified in cavitary TB patients but not in noncavitary TB patients or PPD-positive individuals by Western blotting (58) . (The apparent inconsistency with regard to our detection of anti-CFP32 specificities in noncavitary TB patients may well be a factor of the different means of evaluation.) Moreover, the CFP32 spot was one of only 26 serum-reactive CF spots that were seen in the study by Samanich et al. (58) . As such, CFP32 appears to be a promising humoral antigen for inclusion in a multiantigen serodiagnostic test and may provide a useful indicator of worsening disease. It is also important that significantly fewer patients recognize certain M. tuberculosis proteins when they are expressed in E. coli compared to the counterpart native proteins (59) . Since E. coli-expressed rCFP32 was used in these evaluations as the antibody capture antigen, this may have been a factor in reducing the sensitivity of our assays for CFP32 humoral specificity. Detection of CFP32 in lung sputum samples of TB patients by ELISA and positive correlation of CFP32 levels with IL-10. If immunogenic, a candidate in vivo-expressed M. tuberculosis antigen should be present at the site of disease. To detect lung CFP32, the induced sputa from patients in Brazil, who presented for diagnostic workups for "lung disease or suspected TB," were tested for the presence of CFP32 by ELISA. This cohort included patients with TB (n ϭ 41), suspected TB (n ϭ 16), or OLD (n ϭ 18), as defined in Materials and Methods. Sequential samples were taken at days 0, 15, 30, 60, and 180 following first presentation with one to five visits per patient. A significant number of TB patients had detectable amounts of CFP32 in their sputum. In contrast to the TB cases, none of the patients with OLD had detectable CFP32 in their sputum, resulting in a specificity of 100%. In total, 56% (23 of 41) of TB case patients were positive for CFP32 in at least one sample (P Ͻ 0.0001, Fisher's exact test), of which 32% (13 of 41) were positive at study entry for CFP32 (P ϭ 0.0057, Fisher's exact test). Overall, 59% (10 of 17) of cavitary TB patients were CFP32 sputum positive in at least one sample and 30% (42 of 140) of all samples from TB patients were positive for CFP32 (P ϭ 0.0007, Fisher's exact test) (Fig. 9A) . Among TB cases, AFB smear was positive in 54% (22 of 41) while culture was positive in 80% (33 of 41). Sputum CFP32 was detected in at least one sample in 61% (20 of 33) of culture-positive TB cases and 50% (3 of 6) culture-negative (n ϭ 5) and culture-unavailable (n ϭ 1) TB cases. When cross-correlated with AFB smear, 64% (14 of 22) of AFB smear-positive and 47% (9 of 19) of AFB smear-negative case patients had detectable sputum CFP32. There were only five TB case patients who were AFB and culture negative and whose diagnosis was based on treatment response with resolution of clinical and radiological features of TB. Of these case patients, 40% (two of five) were positive for CFP32. In the suspected TB category, for whom follow-up data were not available to establish a diagnosis, CFP32 was positive in 56% (9 of 16) of cases. For these experiments the standard curve of the CFP32 ELISA was consistently linear and sensitive to the level of ϳ5 to 10 pg/ml (data not shown). The data strongly support the idea that CFP32 is present in the diseased lung. Although the function of CFP32 here remains unknown, we speculate that it may contribute to the pathobiology of M. tuberculosis. However, as proposed for other M. tuberculosis CF proteins (5, 12, 52) , the actions of CFP32 could include both direct enzymatic activity upon host cells or structures and/or bacterial components and To further dissect the in vivo human immunologic parameters associated with TB, ELISA was done to quantify the IL-10 and IFN-␥ in the same induced sputum samples from TB patients (n ϭ 34) previously assayed for CFP32. A significant correlation between CFP32 and IL-10 in the sputum of patients was found by linear regression analysis (n ϭ 112 samples; r 2 ϭ 0.60, P Ͻ 0.0001) (Fig. 9B subpanel i) . No convincing association was identified between CFP32 and IFN-␥ (n ϭ 125 samples) (Fig.  9B subpanel ii) nor between IL-10 and IFN-␥ (n ϭ 110 samples; data not shown). IFN-␥ is regarded as a pivotal cytokine in the protective immune response against M. tuberculosis infection, acting as the major mediator of macrophage activation and as a crucial component in the development of specific counter-M. tuberculosis adaptive immunity (16) . IL-10, on the other hand, is a pleiotropic immunosuppressive cytokine that opposes many IFN-␥-mediated effects including macrophagemediated mycobacteriocidal activity (10, 19, 24) . Indeed, evidence is accumulating linking IL-10 to the failure in immunity that results in the progression to active TB. For example, infection studies with either IL-10 gene-knockout mice or IL-10 transgenic mice have shown that IL-10 is an inhibitor of anti-tubercle bacillus responses (34, 45, 46, 71) . In humans, healthy persons reactive to PPD produce high concentrations of IFN-␥ from M. tuberculosis antigen-stimulated peripheral blood mononuclear cells (PBMCs) while TB patients with severe disease, and without reactivity to PPD (i.e., anergized), exhibit impaired IFN-␥ production in association with increased IL-10 (11, 17) . Moreover, increased levels of IL-10, in the presence of IFN-␥, have been detected in the serum of TB patients, as well as from ex vivo M. tuberculosis antigen-stimulated PBMCs of TB patients (20, 49, 63, 72) . In this report, we found a novel association of bacterial physiological activity (as reflected by CFP32 antigen levels) and IL-10 production in the lungs of patients with the failure of counter-M. tuberculosis immunity (which was also notably coincident with continued IFN-␥ production). These data contrast with those of Barnes et al. (7), who found elevated IFN-␥ in association with IL-10 in the pleural fluid of patients with tuberculous pleuritis (a form of TB that resolves without chemotherapy). Together these data suggest that the immunosuppressive actions of IL-10 may come to predominate and eliminate the protective immune system-activating properties of IFN-␥ in the lungs of persons with advanced TB. The mechanism underlying the elevated IL-10 levels is likely multifactorial and involves contributions from both the host and the pathogen. In this regard, naïve human PBMCs, monocytes, and dendritic cells are known to produce IL-10 when stimulated with M. tuberculosis or with its cell wall constituents (6, 10, 29, 69) . Hence, as an immune evasion strategy, M. tuberculosis may deliberately induce the production of IL-10 and thereby depress cellular responses to IFN-␥ and promote M. tuberculosis intramacrophage survival (10) . In relation to this idea, increased local IL-10 is also thought to promote the development of the IL-10-producing CD4 ϩ T regulatory 1 (Tr1) cells (1) . In fact, the majority of bronchoalveolar lavage-derived CD4 ϩ T-cell clones from TB patients are reminiscent of Tr1 cells (25; although in that study they also produced IFN-␥), and Tr1-like cells have been implicated in the PPD anergy of TB patients (11, 17) . Therefore, Tr1 cells may act in their turn to further stifle local anti-M. tuberculosis innate and T-cell-mediated adaptive immune responses and potentiate a positive feedback loop of IL-10 secretion that supports M. tuberculosis persistence and/or reactivation. Since IL-10 is also known to promote B-cell production of antibody (56) , the increased lung IL-10 levels may be responsible for the expansion of anti-M. tuberculosis serum specificities and enhanced antibody titers as TB progresses (2, 56) . Therefore, lung IL-10 level bears further investigation as an immunological correlate for the development of pulmonary TB.
In summary, this work adds cfp32 to the growing list of M. tuberculosis genes proven to code for an expressed protein.
This CFP32 protein appears to be a bimodular glyoxalase localized to both the cytosolic and CF compartments of M. tuberculosis. Although the biological role(s) of CFP32 remains to be elucidated, the accumulated data suggest that CFP32 is an important biofactor since it is MTC restricted, the nonpolymorphic cfp32 gene is present in all M. tuberculosis strains that have been evaluated, and it is expressed in the lungs of a significant proportion of TB patients in addition to being a FIG. 9. CFP32 is detectable in the lungs of a significant number of TB patients and is positively correlated with IL-10 but not IFN-␥ levels. (A) Excess induced lung sputum not used for diagnostic purposes was tested for the presence of CFP32 by ELISA. Donors were either TB case patients (TB; defined as having a positive solid medium culture or treatment response with resolution of clinical and radiological features of TB) (n ϭ 41; 140 samples), suspected TB case patients (Suspected TB; defined as patients with clinical and/or radiological features compatible with TB for whom cultures were negative, contaminated, or not available and who had insufficient follow-up or had prior TB without sufficient follow-up) (n ϭ 16; 17 samples), or non-TB case patients with other lung diseases (OLD; defined as those patients who were AFB smear and TB culture negative, for whom another diagnosis was established, and/or who showed clinical improvement after a short course of non-TB antibiotics) (n ϭ 18; 25 samples). The mean (M) value for the non-TB group was used to set the cutoff value (M ϩ 2.5 standard deviations) above which samples were deemed positive. Statistical analyses found a significant difference between TB and non-TB cases (P ϭ 0.0007, Fisher's exact test). (B) CFP32 levels were then correlated with IL-10 and IFN-␥ in matched sputum samples by ELISA; n, number of samples. Linear regression analyses revealed that 60% of the variance in the measured amounts of sputum CFP32 corresponds to variation in IL-10 levels (r 2 ϭ 0.60, P Ͻ 0.0001). 
